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Abstract 

Aims 

Among terrestrial ecosystems, coastal sandy dunes are particularly prone to alien plant invasion. 

Many studies related the invasion of dune habitats to anthropic causes, but less is known about the 

role of soil properties and plant traits in plant invasion. In this study we tested the relationships 

between soil features and alien plant invasion in dune systems, focusing on the interplay between 

soil nutrients, soil salinity and plant functional traits. 

Methods 

Study sites were sandy barrier islands of the Marano and Grado lagoon (northern Adriatic Sea). One 

hundred plots (4x4 m) were selected within 10 areas according to the main habitats occurring along 

the ecological gradient of dune system (foredune, backdune and saltmarsh). In each plot we 

recorded all plant species occurrence and abundance and we collected a soil core. For each soil 

sample, soil texture, conductivity (as proxy of soil salinity), organic carbon and nitrogen content 

were analyzed and related to the species number and cover of native and alien plants. Variation of 

main reproductive and vegetative functional traits among habitats was also analyzed for both alien 

and native species. 
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Important Findings 

Soil properties were strongly related to overall plant diversity, by differently affecting alien and 

native species pools. In backdune, the most invaded habitat, a high soil conductivity limited the 

number of alien species, whereas the content of soil organic carbon increased along with alien plant 

abundance, suggesting also the occurrence of potential feedback processes between plant invasion 

and soil. We found a significant convergence between native and alien plant functional trait spectra 

only in backdune habitat, where environmental conditions ameliorate and plant competition 

increases. Our findings suggest that in harsh conditions only native specialized plants can thrive 

while at intermediate conditions, soil properties gradient acts in synergy with plant traits to 

curb/facilitate alien plant richness. 

 

Keywords: invasive alien species, functional traits, soil nutrients, plant communities, dune system 
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Introduction 

Coastal areas are globally considered among the most valuable but endangered habitats due 

to their susceptibility to global changes (Defeo et al., 2009). Among coastal systems, dune has been 

already proved to be particularly prone to biological invasion (Campos et al., 2004; Giulio et al., 

2020), which leads to major shifts in biodiversity, ecosystem integrity, functions and services (Vilà et 

al., 2010; Simberloff et al., 2013). 

In dune systems, many studies focused on the relationships between invasive plants and 

regional environmental variables (Marcantonio et al., 2014; Malavasi et al., 2014; Tordoni et al., 

2018; Marzialetti et al., 2019). However, while land-use and climate are considered pivotal at large-

scale (i.e. landscape), variations of soil and stand structure might prevail when considering the local 

spread of alien species in semi-natural habitat (Ohlemüller et al., 2006). Soil features are supposed 

to directly affect the success of exotic plants in introduced habitats (Carvalho et al., 2010). Among 

soil properties, nutrient content and organic matter are known as important determinants of plant 

community diversity (Chapin III et al., 1986). For instance, high levels of soil nitrogen increase the 

abundance of invasive alien plants and decrease plant diversity (Vitousek et al., 1997). On the other 

hand, some invaders can trigger cascading effects on ecosystem proprieties by altering nutrient 

cycles (Boscutti et al., 2020). In coastal systems, soil salinity is the major driver of species distribution 

(Donnelly and Pammenter, 1983; Gorham, 1992; Lortie and Cushman, 2007). Nonetheless, the effect 

of salinity on the distribution of invasive species was studied only for few specific alien taxa, focusing 

on their phenotypic response to salt stress (Ishikawa et al., 1991; Caño et al., 2016). 

Abiotic site conditions can influence ecosystem processes both directly, by determining 

environmental stress conditions, and indirectly, through the functional response of plants (Boscutti 

et al., 2018a; Pellegrini et al., 2018; Bu et al., 2019). In turn, the range of functions provided by a 

plant community is thought to largely depend on the diversity of functional traits                    

2001), expressed as global variability of functional traits (functional spectrum). For these reasons, 
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plant functional traits have been proved to be pivotal in elucidating plant invasion success 

(Rejmanek and Richardson, 1996; Boscutti et al., 2018b). In particular, plasticity of plant traits are 

supposed to affect the success of alien plants (Davidson et al., 2011) by producing a 

divergence/convergence of plant traits in response to the invaded habitat conditions (e.g. Marchini 

et al. 2019). In fact, invasive species are supposed to be more tolerant to environmental stresses 

(Alpert et al., 2000; Antunes et al., 2018), showing a general higher phenotypic plasticity than native 

species (Feng et al., 2007; Raizada et al., 2009). 

In this observational study, we aimed at parsing the relationships between native and alien 

plants and soil properties (i.e. soil conductivity, soil nutrients) in three main habitats of coastal dune 

systems, i.e. foredune, backdune and saltmarsh. In addition, the variation of important reproductive 

and vegetative functional traits for both alien and native species were considered. In particular, we 

hypothesized that: 

(i) low soil conductivity (i.e. less salt content) favours the abundance and richness of 

alien species in each considered habitat; 

(ii) soil nutrients increase along with alien species abundance; 

(iii) alien and native species functional spectra differ according to the considered 

habitat and its level of invasion. 
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Materials and methods 

Study site and plant communities 

The stu y s tes were the   rr er  sl   s  f the M r        Gr    l g     fr m 45°42’10.5’’N 

13°9’17.8’’ E t  45°40’49.8’’N 13°21’31.2’’ E)  l c te     the   rther  p rt  f the A r  t c Se   Fr ul  

Venezia Giulia region, Italy) (Fig. 1a-b). The lagoon is included in the Natura 2000 network, 

recognized both as Special Area of Conservation (SAC) and Special Protection Area (SPA). The mean 

annual rainfall is 974 mm. The driest month is July. The mean lowest temperature is in January; with 

a value of 3.1°C; the mean highest temperature is in July, with a value of 29.0°C. Wind average speed 

ranges from 7.8 to 10.4 km/h. 

The four main barrier islands of the Lagoon considered for the present study were: (from W 

to E) Martignano (length 1.8 km, maximum width 0.8 km), S  t’A  re   le gth 5.3 km  m x mum 

w  th 0.7 km)  B cc   ’A f r   le gth 3.1 km  m x mum w  th 0.7 km)     B  c   ’Or    le gth 4.9 

km, maximum width 0.2 km). Each barrier island represents a dynamic system produced by the 

interaction between tidal movements and alongshore sediment transport, where both dune and 

halophile systems coexist. In this study, three main habitats were surveyed, namely: foredune, 

backdune and saltmarsh, which reflect the zonation of the vegetation along the environmental sea–

inland gradient (Fig. 1c). Foredune, the nearest habitat to the shoreline, represent the first colonized 

part of the sandy shore, encompassing highly dynamic communities, strongly shaped by winter wash 

over events. Backdune is more stable, less subjected to winter storms and shows a greater ecological 

complexity when compared to foredune. On the lagoon side, the influence of tide produces the 

establishment of saltmarsh habitats. Saltmarsh are a major, widely distributed, intertidal habitat 

which differs from dunes for soil salinity and soil texture (larger presence of clay), and consequently 

on soil nutrient availability. Despite many saltmarshes are estuarine, they can also be found 

associated with barrier islands, usually due to wash over events that brake the sand barrier and 

leads to the deposit of fine soil particles just behind dunes (Fontolan et al., 2012). 
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Sampling design 

Along the islands shore we identified a total of 10 areas (ca. 5 ha each). Each area 

represented the described ecological gradient including the 3 main habitats of our interest (i.e. 

foredune, backdune and saltmarsh). Ten points were randomly selected within each of the 10 

previously selected areas (see Fig. 1c as example), giving overall 100 points: 32 points for foredune, 

40 for backdune and 28 for saltmarsh. In each point, plant communities and soil were surveyed. 

 

Data collection 

Plant community 

At each point, a sample area (plot) of 16 m2 (4x4 m) was established. Within each plot we 

recorded the occurrence and abundance (cover percentage) of the vascular plant species. Species 

nomenclature follows Bartolucci et al. (2018) and Galasso et al. (2018) for natives and aliens, 

respectively. Native and alien status of the species were assigned according to Buccheri et al. (2018). 

Out of the considered literature, we selected 5 functional traits supposed to be highly sensitive to 

the analyzed environmental gradient and putatively related to the success of invasive species in the 

studied area. The selected functional traits were specific leaf area (SLA), seeds mass, mean length of 

flowering period, mean flowering month and root depth. Data were derived from Landolt et al. 

(2010) and Kleyer et al. (2008).  
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Soil  

Within each plot, a soil sample was collected using a cylindrical tube (height: 12 cm, width: 

3.5 cm, volume: 115.5 cm3), transported to the lab and stored at 4°C. Soil samples (n=100) were 

afterwards homogenized and divided into two aliquots. The first aliquot was air-dried, sieved at 2 

mm and ball-milled for the further chemical analysis of soil organic carbon (C) and nitrogen (N), 

while the second aliquot was stored at 4°C in plastic bags for the analyses of conductivity and 

granulometry. 

Soil organic carbon and nitrogen content were measured on a set of subsamples using a 

CHNS Elemental Analyser (Vario Microcube © Elementar). Before analysis, all soil samples were 

treated with HCl to remove the carbonate fraction. 

Conductivity was measured in 5:1 extract using about 10 g of dry soil and 50 mL of water. The 

solution was shacked for 2 hours and filtered using a Whatman n°42 filter paper. Conductivity was 

measured in the filtered solution using the CM35+ portable conductivity meter (Crison).  

The Bouyoucos method was applied to determine granulometry. A small amount of soil was used to 

determine soil humidity. About 50 g of corresponding dry soil was treated with 100 ml of sodium 

hexametaphosphate (SHMP). The extract (1:2) was shacked for 2 hours and then pour in a 

B uy uc s’ cyl   er  where density was measured with the hydrometer ASTM 152H after 4 minutes 

and 2 hours (silt plus clay and only clay, respectively). 
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Data analysis 

All statistical analyses were performed with the statistical software R 3.4.4 (R Team, 2019). 

For each plot, we calculated species richness (number of species) and abundance (sum of 

species cover) of the overall, native and alien pools of species, respectively. Since the ranges of 

native and alien species richness and abundance were very different, we standardized species 

richness and abundance (z-scores) within each status level. 

Differences between habitat in terms of overall and status-pooled species richness were 

tested using linear mixed-effects models (LMMs), considering the id of the 5 ha surveyed area (i.e. 

area id) and sub replicates for the status (i.e. plot id) as random effects. A Tukey pairwise test was 

then applied to detect significant differences between habitat and status (native or alien) interaction 

 p<0.05). LMMs were  ppl e  w th the “ lme” p ck ge  (Pinheiro et al., 2019), pairwise comparisons 

were perf rme  w th the ‘multc mp’ R p ck ge (Hothorn et al., 2008). 

We used Multi-Model Inference (Barton, 2015) to evaluate the influence of soil on 

standardized species richness and abundance of aliens and natives, respectively, within the different 

habitats (Burnham and Andreson 2002). Preliminarily, we analyzed the correlation (Pearson test) 

between all the soil features measured (see online Supplementary Material, Fig. S1). As the 

correlation between all soil granulometry term (i.e. sand, silt and clay content %) and soils 

conductivity was high (r > |0.75|, p < 0.001), we used only soil conductivity in further analyses to 

avoid collinearity issues (Dormann et al., 2013). We used LMMs to estimate model parameters as 

model residuals did not violated any linear model assumption. We further tested the performance of 

Generalized Mixed-Effects Models with Poisson distribution but models residuals were worst. 

Models included standardized species richness or abundance as response variable and species status 

(i.e. aliens or natives), habitat type, and main soil features (i.e. soil carbon and nitrogen content, soil 

conductivity) and their interaction with habitat and status as fixed effects. The random effects of the 
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5 ha surveyed area (i.e. area id) and sub replicates for the status (i.e. plot id) were included. Given 

the non-linear relationship between independent variable and dependent variables, the models 

were linearized by logarithmic transformation as best solution after considering the inclusion of a 

quadratic term. Multi-model inference compared the fit of all possible models obtained by the 

c m    t     f the v r   les. We use  Ak  ke’s   f rm t    cr ter     AI ) t  ch  se the  est f tt  g 

model. The best fit is indicated by the lowest AIC value (AIC MIN). In a set of models each model i 

can be ranked using its difference in AIC score to the best-f tt  g m  el  Δ AI i = AICi- AICi MIN). A 

m  el    the set c    e c  s  ere  pl us  le  f  ts Δ AI   s  el w 2 (Burnham and Anderson 

2002).The multi-model infere ce   se     AI  w s execute  us  g the ‘MuMI ’ p ck ge (Barton, 

2015). The LMMs were  ppl e  us  g the “ lme” p ck ge (Pinheiro et al., 2019). 

Functional traits variation was assessed using a multivariate approach testing the differences 

between habitat, species status and their interaction in terms of traits homogeneity. Homogeneity 

 f tr  ts w s teste  c lcul t  g the   st  ce  etwee  ce tr   s  ‘v r  t   ’  f  et    vers ty)     

testing for homogeneity of multivariate dispersion between habitats and species status (i.e. alien vs 

native). This method produces an independent dissimilarity value for each sample, distance to group 

centroid (Anderson et al., 2006). Differences in mean trait distances were tested using PERMANOVA 

on the distance matrices ran with 999 permutations. Analyses of traits variation was performed 

us  g the “veg  ” R p ck ge (Oksanen et al., 2019), considering the Euclidean distance applied to 

standardized traits values (z-scores) as distance metric. 
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Results 

Plant diversity, habitat and alien plant invasion 

The total number of species within the 100 surveyed plots was 97 (73 native and 24 alien) 

(Supplementary Table S1). The most common native species were Cakile maritima Scop., occurring 

in 38% of the overall number of plots, Elymus acutus (DC.) M.A. Thiébaud (29 %), Limonium 

narbonense Mill. (28 %) and Limbarda crithmoides (L.) Dumort. (28%). Among the alien species, the 

most frequent were Sporobolus pumilus (Roth) P.M. Peterson & Saarela (50 %), Xanthium italicum 

Moretti (35 %), Ambrosia psilostachya DC. (34%) and Oenothera biennis L. aggr. (30 %). 

The average species number found in each plot was 7.8 ± 3.1 (mean ± standard deviation). 

Species richness was significantly different among habitats (F2-88 = 8.34, p < 0.001), where foredune 

(7.7 ± 3.23) and backdune (9.2 ± 2.7) had significant higher values than saltmarsh (5.7 ± 2.3) (p < 

0.05). A significant interaction was found between habitat and status (i.e. alien vs native) (F2-97 = 

18.7, p < 0.001). Differences between native and alien standardized species richness (hereafter 

species richness) were significant in saltmarsh and backdune where native species showed higher 

values (Fig. 2).  

 

Relationships between plant invasion and soil features 

Multi-Model Inference analysis showed that species richness of alien and native plants were 

rel te  t  s  l fe tures  y   ly   e pl us  le m  el  Δ AI  < 2)  wh ch   clu e  s  l c   uct v ty  s  l 

nitrogen content and the interactions with species status and habitat for the conductivity, and with 

habitat, for the soil nitrogen (Table 1; R2=0.51). 

Soil conductivity affected alien and native species number in relation to the habitat (Fig. 3a-

f). In foredune, plant species number was positively related with soil conductivity, native species 
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showed a stronger increase respect to aliens (Fig. 3a). In backdune, native species number increased 

when conductivity increased, whereas alien species number decreased (Fig. 3b). In saltmarsh, the 

number of specie was not correlated with soil conductivity (Fig. 3c). 

High values of nitrogen content in the soil increased the overall number of species in 

foredune, while decreasing it in saltmarsh (Fig. 3d). Finally, in backdune, the number of both native 

and alien species was not affected by soil nitrogen (Fig. 3e). 

We also analyzed the effect of conductivity, soil organic carbon and total nitrogen on the 

abundance of species (species overall cover) in relation to each status and habitat. Multi-model 

  fere ce    lys s sh we  th t   ly   e m  el w s pl us  le  Δ AI  < 2) and it included all 

considered interactions (Table 2), explaining the 48% of the total variation in species abundance. 

High soil conductivity favored native species abundance in both foredune and backdune (Fig. 

4a, b), whereas plant cover was not related to soil conductivity in saltmarsh (Fig. 4c). 

Soil organic carbon content was positively related to alien overall cover in both foredune and 

backdune, whereas native plant abundance decreased with increasing content of soil organic 

carbon, but only in backdune (Fig. 4e). In saltmarsh, species abundance was not affected by soil 

organic carbon content (Fig. 4f). 

Soil nitrogen showed negligible effects on species cover in foredune and saltmarsh (Fig. 4g, i). In 

backdune there was a considerable increase of native species cover, whereas alien cover slightly 

decreased in nitrogen rich-soils (Fig. 4h). 
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Functional convergence 

We found a significant difference between native and alien plant functional trait spectrum 

(distance) (PERMANOVA: r2 = 0.09, p = 0.001), in different habitats (r2 = 0.14, p = 0.001) and their 

interaction was significant as well (r2 = 0.06, p = 0.001). Interestingly, we found a functional 

convergence (similarity) between alien and native species pool only in backdune habitat, which was 

also the most invaded. On the other hand, functional traits variation (dispersion) did not differ 

between species status, habitat and their interactions (p > 0.05) (see online Supplementary Material, 

Fig. S2). 

 

Discussion 

Our findings suggest that plant invasion of dune systems is related to soil properties, whose 

nutrients and conductivity (i.e. salinity) showed contrasting relationships with plant diversity and 

abundance in the studied habitats across the sea-inland gradient. Most invaded habitat was 

backdune, where its highest overall biodiversity was also sustained by the high level of invasion. In 

backdune, abundance and richness of alien species were more affected by soil features than in the 

other habitats, also probably due to a less intensive disturbance regime (weaker wash over 

influence). In general, soil conductivity determined the species richness of both alien and native 

species, while soil organic carbon and nitrogen were related to their abundance. In backdune, a 

significant functional convergence was also found, which is probably consistent to a greater habitat 

stability which also contributed to ameliorate the general ecological conditions of these 

communities. Here, in less salty soil, the overlap of studied traits (reproductive and growth traits) 

between native and alien species suggests that competition of aliens consist in substituting native 

species rather than filling the empty ecological space (niche differentiation).  
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Plant diversity, habitat and alien plant invasion 

Alien species represented the 25% of the total species richness in the studied dune system, 

much higher than the frequency of alien taxa at regional (16%) and national (12%) scale (Galasso et 

al., 2018); hence confirming that coastal dunes are one of the most invaded habitat by neophytes at 

the European level (Chytrý et al., 2008). 

Saltmarsh showed an overall low plant diversity, similar to what found by Kunza and 

Pennings (2008), but also harbored a low number of alien species. In this habitat, flooding, sediment 

anoxia and salt create extremely harsh conditions (Redelstein et al., 2018), difficult to cope for 

generalist plants. Only few adapted species thrive in this habitat and their response to the 

environment can indirectly ameliorate pant community condition and overall plant diversity 

(Redelstein et al., 2018; Pellegrini et al., 2018).  

We found harsh condition of saltmarsh to limit plant invasion. In contrast, backdune had 

concurrently a high number of alien and native plants. In this habitat, the interplay between stability 

and disturbance of habitat (wash over events) might explain the high values of invasion. In fact, 

when dune habitats are subject to naturally induced disturbance (e.g. winter storms) they harbor a 

large number of alien species (Del Vecchio et al., 2015). On the other hand, the particularly extreme 

conditions given by natural events (e.g. seashore nearness, high wind speed, sand storm, shore 

erosion) occurring in foredune (Perumal and Maun, 2006; Ciccarelli, 2014) allow only few 

characteristic native species to colonize the habitat, e.g. Cakile maritima and Salsola kali (Debez et 

al., 2004). Backdune showed concurrently high richness of both native and alien species. This could 

be related to a weaker influence of direct stressors (distance from the sea) which ameliorate the 

environment conditions, becoming adequate also for generalist species coming from other habitats 

such as inland agricultural land-use and semi-natural grasslands (Marcantonio et al., 2014). 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jpe/advance-article/doi/10.1093/jpe/rtaa052/5891204 by C

ornell U
niversity Library user on 15 August 2020



Acc
ep

ted
 M

an
us

cri
pt

 15 

Relationships between plant invasion and soil features 

Among the analyzed soil features, soil conductivity (i.e. salinity), organic carbon and nitrogen 

content showed significant relationships with plant species abundance and diversity, with 

contrasting trends between alien and native plants, especially in backdune habitat. Soil conductivity 

have been proved to affect plant distribution in coastal dunes (Ishikawa et al., 1995) and altering the 

interactions between native and alien species (Wang et al., 2006). Moreover, many alien species are 

supposed to be less competitive than native species in relation to salt stress (Mesléard et al., 1993; 

Borgnis and Boyer, 2016). Salt content create harsh condition principally by reducing water 

availability and increasing osmotic stress. On sandy soils, this is exacerbated by the high soil porosity 

and thus water drainage. In these conditions, native adapted species thrive better than alien 

(Antunes et al., 2018). In contrast, a previous study showed that alien species richness increased in 

sites with high rainfall, as a consequence of a higher soil water availability and salt leaching. 

Soil nitrogen content increased along with the overall number of species found in foredune, 

whereas it was not influent in the other habitats. Despite several studies linked a reduction of plant 

diversity to nutrient concentration and hence ecosystem productivity a consistent pattern among 

terrestrial ecosystem is lacking (Tilman et al., 1997; Fridley, 2001). In foredune, the average nitrogen 

content was very low. In such conditions, it is plausible that an increase of nutrients availability allow 

to a higher number of species to colonize the bare soil, whose occurrence can also indirectly 

increase the soil organic matter (positive feedback). 

We found that nitrogen and organic carbon  soil content (i.e. overall representing also 

organic matter content) were mainly involved in explaining plant abundance of alien and native 

species. The relationships between nitrogen and carbon soil content and species abundance were 

stronger in backdune, while in the harsher environments the other drivers (e.g. waterlogging, 

salinity, wave action, storms disturbance) seem to overrule on such effects. In backdune, a high 

content of nitrogen increased along with the abundance of native species, but not with the 
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abundance of alien species. It is thought that plant invasion is favored by high content of nitrogen, 

triggering positive feedback between plant invasion and carbon and nitrogen cycles in invaded 

ecosystems (Liao et al., 2008). Our findings, instead, support the idea that in very poor soils native 

rather than alien species can intercept such nutrient resources and increase their abundance. 

However, we cannot exclude the aftereffect of the overall plant abundance (biomass) 

accumulating in a more stable habitat less subjected to wash over events. 

In contrast, soil organic carbon was positively related to the increase of alien species 

abundance in backdune. The content of organic carbon had a great effect on other soil properties 

and structure, altering microbial activity (Sparling, 1992) and water cycle. Our study suggests that a 

high content of soil organic carbon might ameliorate soil structure and nutrients-water availability 

(the more organic matter is present in the soil, the more water is kept and nutrients less leached) 

thus favoring the growth of generalist alien species. Nonetheless it is also true that a higher 

abundance of plants, and in particular of some invasive alien species might be the cause of the 

increase in soil organic carbon (Boscutti et al., 2020), which can accumulate in backdune, less 

subjected to wash over. In the light of the observational nature of the study it was not possible to 

definitely define a cause-effects mechanism between soil and plants, opening future experimental 

perspectives. 
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Functional convergence 

Plant trait analysis is a methodological approach to better understand the processes linked to alien 

species invasion (Richardson et al.  2000; R ch r s       Pyšek  2006). Stressed plant communities 

are mainly ruled by habitat filtering, whereas functional convergence is mainly related to this 

ecological process (Cornwell et al., 2006). When different plant species are co-existing in the same 

community, it is usual for species to show some morphological and functional similarities (Grime, 

2006; de Bello et al., 2009). Environmental filtering can contribute to communities similarity and the 

result of this process is functional redundancy for species traits inside a community (Cornwell et al., 

2006). Our findings suggest the presence of an overlap of niche between native and alien species 

and a potential substitution of native species in the most invaded habitat, namely the backdune. 

Kowarik (2008) explains that changes in environmental factors can generate a more efficient niche 

invasion by alien species, rather than favor native species. In fact, this mechanism is known to be 

more effective where environmental conditions are not extremely harsh (Carboni et al., 2010). In 

these conditions, we can hypothesize that less specialized alien species are favored to invade dune 

ecosystem due to ecosystem characteristic which present a higher similarity to human-disturbed 

habitats (e.g. urban sites or agricultural) where the alien species commonly thrive (Kowarik, 2008). 

In foredune and saltmarsh, instead, the analyses of trait variability suggest that alien and native 

species have separated functional spectra, suggesting that here alien species are filling empty 

ecological niches rather that replace native ones. Given the uniqueness of the environmental niches, 

plant species evolved to specialized species and only few alien species are suitable to colonize these 

areas (Marcantonio et al., 2014).  
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Conclusions 

Our findings suggest that main soil properties and plant functional traits are related to the 

plant invasion across the shore-saltmarsh gradient in barrier islands. The initial hypotheses were 

supported by our results, showing that soil conductivity curb both abundance and specific richness 

of alien species, favoring the presence of native species. Moreover, nitrogen and organic carbon in 

soil were related to plant with particular regard to plant abundance, underpinning plausible 

feedback mechanisms between plant and soil which understanding would need specific 

experimental approach. The magnitude of the effect is habitat specific: while backdune are the most 

sensitive habitat, foredune and saltmarsh were mostly unaffected by plant invasion and regardless 

to soil feature gradients. Finally, the higher invasion of backdune was consistent with a functional 

convergence between alien and native species pool. 

Our results highlight that even though coastal systems are reported to be among the most 

invaded habitats by neophytes (Chytrý et al., 2008), some plant communities may be much more 

affected by invasion than others, representing real conservation priorities. In these habitats, further 

experiments concerning the changes/manipulation of soil conductivity and soil nutrients could shed 

new perspectives in limit ecosystem deterioration in terms of overall biodiversity and invasiveness.  
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Tables 

 

Table 1: Results of the linear mixed-effects models relating standardized species richness with habitat (i.e. 

foredune, backdune and saltmarsh), species status (i.e. alien and native), soil conductivity (cond), soil 

nitrogen content (N) and the interactions between species status, habitat and soil conductivity, nitrogen 

content and habitat type. Degrees of freedom (DF), F-value and p-value are reported. In bold are indicated 

the significant outcomes (p<0.05). 

 DF F-value p-value 

habitat 2-76 13.372 <.0001 

status 1-87 0.001 0.984 

log(cond) 1-76 0.619 0.433 

log(N + 0.1) 1-76 

2-87 

2-76 

1-87 

2-76 

2-87 

0.293 0.589 

habitat:status 27.200 <.0001 

habitat:log(cond) 4.820 0.011 

status:log(cond) 4.950 0.029 

habitat:log(N + 0.1) 3.712 0.029 

habitat:status:log(cond) 3.535 0.033 
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Table 2: Results of the linear mixed-effects models relating the standardized species abundance with 

habitat (i.e. foredune, backdune and saltmarsh), species status (i.e. alien and native), soil conductivity 

(cond), soil nitrogen content (N), soil organic carbon (C) and the interactions between species status, 

habitat and soil conductivity, nitrogen content, organic carbon content and habitat type. Degrees of 

freedom (DF), F-value and p-value are reported. In bold are indicated the significant outcomes (p<0.05). 

 DF F-value p-value 

log(cond) 1-73 

2-73 

1-81 

1-73 

1-73 

2-73 

1-81 

2-81 

2-73 

1-81 

2-73 

1-81 

2-81 

2-81 

2-81 

0.743 0.391 

Habitat 6.833 0.002 
Status 0.001 0.981 

C 0.003 0.955 

log(N + 0.1) 0.498 0.482 

log(cond):habitat 0.384 0.682 

log(cond):status 92.082 <.0001 

habitat:status 8.792 0.001 

habitat:C 1.552 0.219 

status:C 1.968 0.164 

habitat:log(N + 0.1) 0.866 0.425 

status:log(N + 0.1) 3.564 0.062 

log(cond):habitat:status 0.550 0.579 

habitat:status:C 1.313 0.274 

habitat:status:log(N + 0.1) 2.389 0.098 
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Figures and figure legends 

Figure 1: location of the study area in the lagoon of Marano and Grado in the northern Adriatic Sea (a), the 

barrier islands and 10 sampling areas (b), and an example of 10 points distribution inside each sampling 

area (San Andrea island) (c). 

 

Figure 2: differences in standardized species richness between status (native=solid line, alien=dashed line) 

within the considered habitats. Confidence intervals (95 %) are also shown (shaded). 

 

Figure 3: effects of soil conductivity (a, b, c) and soil nitrogen (d, e, f) on standardized plant species richness 

of native (solid line) and alien (dashed line) status within habitats (vertical columns). Confidence intervals 

(95 %) are also shown (shaded). 

 

Figure 4: effects of soil conductivity (a, b, c), organic carbon content in soil (d, e, f) and nitrogen content in 

soil (g, h, i) on standardized species cover (abundance) between status (native=solid line, alien=dashed line) 

and within habitats (vertical columns). Confidence intervals (95 %) are also shown (shaded). 
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Figure 1: location of the study area in the lagoon of Marano and Grado in the northern Adriatic Sea (a), the 

barrier islands and 10 sampling areas (b), and an example of 10 points distribution inside each sampling 

area (San Andrea island) (c). 
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Figure 2: differences in standardized species richness between status (native=solid line, alien=dashed line) 

within the considered habitats. Confidence intervals (95 %) are also shown (shaded). 
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Figure 3: effects of soil conductivity (a, b, c) and soil nitrogen (d, e, f) on standardized plant species richness 

of native (solid line) and alien (dashed line) status within habitats (vertical columns). Confidence intervals 

(95 %) are also shown (shaded). 
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Figure 4: effects of soil conductivity (a, b, c), organic carbon content in soil (d, e, f) and nitrogen content in 

soil (g, h, i) on standardized species cover (abundance) between status (native=solid line, alien=dashed line) 

and within habitats (vertical columns). Confidence intervals (95 %) are also shown (shaded). 
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